Urea cycle disorders often present as devastating metabolic conditions, resulting in high mortality and significant neuropsychological damage, despite treatment. The Urea Cycle Disorders Longitudinal Study is a natural history study that collects data from regular clinical follow-up and neuropsychological testing. This report examines links between biochemical markers (ammonia, glutamine, arginine, citrulline) and primary neuropsychological endpoints in three distal disorders, argininosuccinic acid synthetase deficiency (ASD or citrullinemia type I), argininosuccinic acid lyase deficiency (ASA or ALD), and arginase deficiency (ARGD). Laboratory results and test scores from neuropsychological evaluations were assessed in 145 study participants, ages 3 years and older, with ASD (n = 64), ASA (n = 65) and ARGD (n = 16). Mean full scale IQ was below the population mean of 100 ± 15 for all groups: (ASD = 79 ± 24; ASA = 71 ± 21; ARGD = 65 ± 19). The greatest deficits were noted in visual performance and motor skills for all groups. While ammonia levels remain prominent as prognostic biomarkers, other biomarkers may be equally valuable as correlates of neuropsychological functioning. Cumulative exposure to the biomarkers included in the study proved to be highly sensitive indicators of neuropsychological outcomes, even when below the cut-off levels generally considered toxic. Blood levels of biomarkers obtained on the day of neuropsychological evaluations were not correlated with measures of functioning for any disorder in any domain. The importance of cumulative exposure supports early identification and confirms the need for well-controlled management of all biochemical abnormalities (and not just ammonia) that occur in urea cycle disorders.
Introduction
The urea cycle is responsible for the detoxification of ammonia (NH 4 + ) to urea. When enzymes responsible for the sequential steps in the urea cycle are absent or deficient, ammonia builds up in the brain and other tissues (Batshaw and Brusilow 1980; Kölker et al 2015) . Ammonia accumulation or increases in glutamine (a consequence of hyperammonemia) lead to astrocyte swelling and subsequent damage. Depending on the age of onset and duration and severity of the hyperammonemic episode, brain effects are temporary or permanent and can be mild or devastating (Enns 2008) . Other mechanisms of injury may also operate. Treatment varies somewhat depending on the specific location of the enzyme block in the cycle. The basic elements of treatment are dietary protein restriction and ammonia scavenger drugs. Supplemental treatment with citrulline or arginine is required for most of the disorders. Genetic Responsible Editor: Carlo Dionisi-Vici defects in the urea cycle are generally categorized into proximal (mitochondrial) or distal (cytosolic) disorders, plus several transport disorders, which are known by the specific enzyme deficiency or biochemical abnormality.
The Urea Cycle Disorders Consortium (UCDC) is part of the Rare Diseases Clinical Research Network (RDCRN) and is supported jointly by the National Center for Advancing Translational Science, Office of Rare Diseases Research and the Eunice Kennedy Shriver National Institute of Child Health and Human Development (U54HD061221). The goals of the RDCRN are to perform natural history studies of rare diseases and to hasten the bringing to market of orphan products to treat rare disorders (Batshaw et al 2014; Seminara et al 2010) . Philanthropic support supplements these research activities, as well. The UCDC Longitudinal Study, now in its 11th year, collects medical and neuropsychological information on the eight different urea cycle disorders. This paper focuses on three distal disorders, argininosuccinate synthetase deficiency (ASD or citrullinemia type I) (OMIM 215700), argininosuccinic acid lyase deficiency (ASA or ALD) (OMIM 207900), and arginase deficiency (ARGD) (OMM 207800), with the aim of characterizing the associations between biochemical markers (ammonia, glutamine, citrulline, and arginine) and neuropsychological outcomes. A better understanding of these biochemical markers and their relationships to specific functional domains has the potential to guide treatment and contribute to the design of clinical drug trials.
Methods
The Urea Cycle Disorders Longitudinal Study collects data from regular clinical follow-up as well as neuropsychological testing that in many centers would not have been part of routine care. The testing includes age appropriate measures of intelligence and global functioning, verbal abilities, visual performance, motor skills, and memory (Table 1) . For this paper, we included results from children 3 years of age and older since we focused on neuropsychological outcomes that may not be measurable in younger children. Although some participants (35.2%) were evaluated more than once, we conducted analyses including only the most recent testing results in order to capture long-term risks. Evaluations were performed at a mean of 5.17 ± 5.10 years (median = 3.4, range = 0.1-23.6 years) after the last hyperammonemic episode. No one was evaluated while experiencing a hyperammonemic episode.
Biomarkers related to metabolic status included measurements of ammonia, glutamine, arginine, and citrulline. All List A trial 1 free recall List A trial 5 free recall laboratories for this study were associated with the large medical centers affiliated with the Urea Cycle Consortium and were clinically certified. Certification included rigorous quality control procedures and proficiency testing. In all laboratories, the normal value of blood ammonia was consistently established at < 50 μmol/L. The arbitrary cut-off of 100 μmol/L to define a hyperammonemic episode was established based on past experience within the Urea Cycle Consortium. Data on laboratory values were obtained from a review of medical records. Parameters related to the biochemical values included the concurrent level on day of neuropsychological testing and mean lifetime exposure. If the participant had values that spanned 3 or more years, the mean within each year was first calculated. Then the mean and standard deviations were calculated from these values to obtain mean lifetime exposure. If the participant had values that spanned < 3 years, means and standard deviations were only calculated if the participant had one or more measurements. The number of hyperammonemic episodes (defined as ammonia levels above 100 μmol/L) and the number of ammonia Bspikes^(defined as an ammonia level > 10 μmol/L above the mean for that individual) were also calculated. The degree of dispersion in laboratory values around the mean value for the individual was labeled the standard deviation score. Cumulative exposure was defined as the lifetime mean exposure X age up to and including the time of the neuropsychological evaluation. Older individuals thus have a higher cumulative exposure score. The standard deviation and cumulative exposure variables as defined above proved to be powerful predictors of outcome in a study of individuals with phenylketonuria (PKU) (Hood et al 2015) . These parameters were included in our analyses because of the possibility that variability and persistence of abnormally elevated levels of biochemical toxins have a similar effect in urea cycle disorders as they do in PKU. In our study, for the individuals who had received a liver transplant to prevent hyperammonemia, cumulative exposure to ammonia was calculated up to the time of the liver transplant (rather than age at testing).
Associations between biomarkers and performance on each of the neuropsychological tests were determined through Pearson correlation analyses for each disorder separately. Scores from the separate tests measuring the same or similar neuropsychological function were converted to z-scores with a mean of 0 and a standard deviation of 1 to create a combined mean Bdomain^score. In order to simplify the tables, we report correlation coefficients (r) above r = 0.30. Analyses were computed using SAS. Data from male and female participants were combined since no gender differences were noted in the biomarkers or neuropsychological test results. 
Results
The total sample included 145 individuals 3 years of age and older, with a mean age of 13.78 years. As shown in Table 2 , there were 63 males and 82 females, with the majority diagnosed with ASD (n = 64) or ASA (65) and 16 with ARG. In all three distal disorders, onset of symptoms occurred for the majority of babies after the newborn period, with the mean age of urea cycle diagnosis occurring at just under 2 years of age. In this sample 13 (20%) with ASD and 11 (17%) individuals with ASA received liver transplant. Newborn screening, which was instituted during the period of expanded newborn screening (2004 in most states) led to early identification of 25% of infants with ASD and 29% of infants with ASA but none with ARGD. In general, demographic characteristics and health history as well as age at participation in the study were similar for the ASD and ASA groups, while the ARGD group included fewer cases, was older at time of symptom onset, diagnosis, and neuropsychological testing, did not come to attention through newborn screening, and did not undergo liver transplantation. Results from the most recent neuropsychological evaluation are presented in Table 3 .
Mean full scale IQ was in the range of intellectual disabilities (IQ < 71) for the ASA and ARGD groups and in the borderline range (IQ < 86) for the ASD group. The greatest deficits were noted in the visual performance and motor skills domains for all groups. Fig. 1 illustrates the distribution of full scale IQ for each disorder.
Laboratory values are presented in Table 4 . All groups included individuals with hyperammonemic episodes. Mean ammonia levels were lower on the day of neuropsychological testing (for the few who received blood tests on that day) than lifetime mean levels, which were > 100 μmol/L for the ASD and ASA groups and were also relatively elevated for the ARG group. Standard deviation levels, as a measure of variability, were > 100 μmol/L for ASD and ASA groups. All groups included individuals who had Bspikes^of ammonia > 10 μmol/L compared to their mean scores.
Lifetime mean laboratory values were inter-correlated, with citrulline most closely associated with ammonia. In ASD, lifetime mean citrulline levels correlated with lifetime mean ammonia (r = 0.42, p = 0.0008). In ASA, lifetime mean citrulline correlated with mean ammonia (r = 0.33, p = 0.11) and mean arginine (r = 0.34, p = 0.007). In ARGD, lifetime mean citrulline correlated with mean ammonia (r = 0.42, p = 0.02). Table 5 presents the associations between biomarkers and neuropsychological domains with correlation coefficients above 0.30. Cumulative exposure emerged as one of the most sensitive indicators of neuropsychological outcomes. Concurrent blood levels of the biomarkers examined were not correlated with measures of functioning for any disorder in any domain.
For ASD, cumulative exposure to ammonia and citrulline were the most reliable indicators of poorer functioning in every domain, suggesting that long-term exposure poses the greatest risks. Glutamine cumulative exposure was related to global functioning but not to specific functional domains. The total number of hyperammonemic episodes correlated with visual performance and motor abilities, but not with the verbal composite score. Arginine, which tends to be close to normal in ASD, was not associated with performance in any of the neuropsychological domains.
For ASA, the most sensitive biochemical markers for global functioning and verbal abilities were ammonia, glutamine, and citrulline. All were in the expected direction, with lower laboratory values correlating with better scores on the neuropsychological tests. Scores in the visual performance and motor domains correlated with arginine levels, indicating that high cumulative arginine exposure and high variability were associated with poorer motor functioning scores. None of the biomarkers correlated with the composite memory score.
For ARGD, cumulative exposure to arginine, ammonia, and citrulline correlated at least at a r = 0.30 level with global functioning. In other domains, exposure to elevated arginine and citrulline correlated with poorer functioning. Hyperammonemic episodes were associated with poorer scores on tests of verbal skills and visual performance, but paradoxically, they were associated with better performance on motor tasks.
Discussion
This study provides natural history data related to demographics, metabolic biomarkers, and neuropsychological outcomes in three distal urea cycle disorders. As expected, each disorder was characterized by unique biochemical profiles. With ASD, citrulline was significantly elevated while in ASA, ammonia-related biomarkers were most notable, and arginine was conspicuous in ARGD. The biomarkers investigated here are not independent variables. Although clinical guidelines were developed over 15 years ago (Summar and Tuchman 2001) , treatment practices appear to vary considerably. Data from this study indicate that arginine and citrulline as well as ammonia and glutamine reflect a patient's risk for adverse neuropsychological effects and may indicate a need for treatment modifications. Similarly, neuropsychological functioning domains are not independent variables. However, when considered alone and in relation to biochemical parameters, they provide information that may be useful in the selection of clinical outcome variables. For ASD, poor performance in every domain was associated with cumulative exposure to citrulline as well as to cumulative exposure to ammonia. This is in contrast to a recent publication reporting that neuropsychological function in ASD did not correlate with episodes of hyperammonemia (Baruteau et al 2017) . This may be due to the fact that isolated episodes of hyperammonemia are not as deleterious as cumulative exposure to moderately high levels of ammonia or citrulline.
For ASA, ammonia clearly related to aspects of cognitive outcome, but so did glutamine. Others have suggested that elevated glutamine serves as a harbinger for sudden hyperammonemia (Lee et al 2016) . Our study suggests that glutamine can also be used as a marker for neuropsychological functioning. This is in accordance with Gunz et al (2013) who reviewed studies using magnetic resonance imaging in children with neonatal onset UCDs. They identified abnormalities in the cerebral cortex, internal capsule, basal ganglia, thalami, and brain stem in association with higher glutamine levels and poorer neurological outcomes. In addition, and not reported previously, our study showed that elevated mean lifetime and cumulative citrulline levels were highly correlated with intellectual functioning, verbal skills, and visual performance. Furthermore, poor motor skills appeared to be affected by arginine, which was implicated when levels were low.
While each group experienced significant neuropsychological deficits, ARGD appeared to confer the greatest risk for low IQ and poor performance in every domain.
There was preliminary evidence that variability in each of the biomarkers led to greater risks for neuropsychological deficits. The impact of elevated ammonia, even when below the cut-off for hyperammonemia (< 100 μmol/L), should not be underestimated in this disorder. Moreover, elevations in arginine and the standard deviation of arginine levels tended to be associated with poorer functioning in the global and memory domains. On the other hand, the positive correlations between the standard deviation scores for citrulline, glutamine, and ammonia on the verbal and memory domains and elevated ammonia on motor functioning are difficult to explain except by recognizing the possibility of spurious correlations derived from the small sample sizes. This study is limited by small sample sizes as well as heterogeneity in severity of disease (as illustrated by variability in number of hyperammonemic episodes and age at diagnosis). Another shortcoming is the lack of consideration of treatment variables and other potential covariates, such as branched chain amino acids. Small sample sizes also led to a decision to report only correlations of 0.30 or greater. Methods that would have reduced the number of analyses by examining ratios for biochemical parameters or measures of global functioning were considered Table 5 Associations between biomarkers and composite neuropsychological domain scores with correlation coefficients equal to or greater than +/− 0.30 for argininosuccinic acid synthetase deficiency (ASD) (n = 60), argininosuccinic acid lyase deficiency (ASA) (n = 62), and arginase deficiency (ARGD) (n = 16) ASD (citrullinemia) *Cumulative exposure was defined as the mean exposure X Age up until and including the age at testing. In liver transplant cases, ammonia cumulative exposure was defined as the mean exposure X age up until the time of liver transplant but would not have allowed for identification of individual biomarkers or specific neuropsychological domains as targets for evaluating clinical outcomes. Since the elapsed time following a hyperammonemic episode was not controlled for, a lack of correlation between concurrent ammonia levels or other biomarkers and scores on cognitive tests needs further investigation. Similarly, an alternative cut-off definition for the number of ammonia Bspikesm ight have been more informative and requires further study.
Despite the limitations inherent in natural history studies such as this one, (Shapiro et al 2016) , the following general findings from our study may be usefully taken into account when treating these urea cycle disorders and when selecting endpoints in clinical trials.
1. Metabolic biomarkers obtained at the time of neuropsychological testing do not correlate with performance. 2. Cumulative exposure to potentially toxic metabolites is closely associated with performance on cognitive and other neuropsychological tests. This may explain why early development in ASA and ARGD appears to be closer to that of typically developing children (Waisbren et al 2016) . 3. While ammonia levels remain prominent as prognostic biomarkers, other biomarkers may be equally valuable as correlates of neuropsychological functioning. Thus, the study confirms the need for well-controlled management of all biochemical abnormalities associated with the disorder and suggests that the broad biochemical profile should be assessed in clinical trials. 4. Verbal and visual performance composite scores may be important functional outcome measures. Individuals with ASA, ASD, and ARG experienced greatest deficits in the motor skills domain. However, the biomarkers in this study were not as strongly associated with composite motor scores as with the verbal and visual performance composite scores. Memory, although also a particular deficit, was not strongly associated with biomarkers. The likely explanation for this is that early onset hyperammonemia causes irreversible damage to the brain in association with motor and memory functions, as was suggested by the extensive analysis of cases followed by the European IMD Consortium (Posset et al 2016). 5. The relevance of the standard deviation score and ammonia spikes in ASD and ASL underscores the need for stability in metabolic control.
The findings of our study empirically substantiate the common sense conclusions that patients with any metabolic disorder do better when diagnosed sooner and remain under good metabolic control. Novel treatments for these urea cycle disorders are now being investigated at an impressive rate. The need to bring these treatments to market could not be greater. This study provides insights into potential targets for therapies and suggests potential neuropsychological endpoints to determine efficacy in clinical trials for distal UCDs.
